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ABSTRACT 
Volatile components of roasted chicory brews were isolated by direct solvent extraction 
followed by solvent-assisted flavor evaporation (SAFE). Identification of potent odorants was 
achieved by gas chromatography-olfactometry (GC-O) combined with aroma extract dilution 
analysis (AEDA) and gas chromatography-mass spectrometry (GC-MS).  Forty-six compounds 
were quantitated by stable isotope dilution analysis (SIDA) and odor-activity values (OAVs). 
Based on the combined results of AEDA and OAVs rotundone was the most potent odorant in 
roasted chicory. Additional potent odorants in roasted chicory were identified as 3-hydroxy-4,5-
dimethylfuran-2(5H)-one (sotolon), 3-methlbutanal, 2,3-dihydro-5-hydroxy-6-methyl-4H-pyran-
4-one (dihydromaltol), 1-octen-3-one and 2-ethyl-3,5-dimethylpyrazine, 4-hydroxy-2,5-
dimethyl-3(2H)-furanone (HDMF), 3-hydroxy-2-methyl-4-pyrone (maltol) , (E,E)-2,4-
decadienal, and trans-4,5-epoxy-(E)-2-decenal. Rotundone, with its distinctive aromatic woody, 
peppery and “chicory-like” note was also detected in five different commercial ground roasted 
chicory products.  It is believed to an important, distinguishing and characterizing odorant in 
roasted chicory aroma. Collectively a group of caramel and sweet smelling odorant are also 
believed to be important aroma contributors to roasted chicory aroma, dihydromaltol, 3-methyl-
1,2-cyclopentanedione (cyclotene), maltol, HDMF and sotolon. Overall, the predominant aroma 
compounds were formed via Maillard reaction, lipid oxidation and other thermal reactions during 
roasting of chicory.  This study is the first to report a comprehensive listing of the predominant 
odorants in roasted chicory brew, and is the first to indicate rotundone contribution to the 
distinctive “aromatic woody, peppery and chicory-like” aroma of roasted chicory. 
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CHAPTER 1: INTRODUCTION 
 
Chicory (Cichorium intybus) is a perennial herb, typically possessing blue flowers, of 
the Asteraceae family.  Historically chicory was grown by ancient Egyptians for medicinal 
purposes.   Ancient Greeks and Roman consumed chicory salad and called it “Friend of the 
Liver” (Pillai & Damodharan, 2007). Today chicory is cultivated throughout the world, 
including Europe, North Africa, and parts of Asia. Starting from sowing until harvesting, the 
specification of every stage of growth and development already well established and the quality 
can be assessed by strict examination (Bais & Ravishankar, 2001).  
The roots and leaves of chicory are multi-functional. The roots are an excellent source of 
inulin, a type of gum used in food industry. Mature roots are often dried and roasted to serve as a 
coffee surrogate or additive, while young and tender roots are boiled and eaten as vegetable. The 
leave also are consumed as a vegetable by people in parts of Italy.  Chicory leaves also are used 
as forage for ruminant livestock (Wang & Cui, 2013; Wulfkuehler, Gras, & Carle, 2013). 
Aside from its use as a coffee substitute, another important reason why chicory is a plant 
of great economical value is the fact that chicory root contains up to 40 percent inulin (dry 
weight basis), discovered in the 1970s.  Nowadays, inulin is used as an effective sugar and fat 
replacer in food.  It has a low caloric value and imparts predictable and often desirable texture 
properties to foods, e.g., it is a good bulking agent and adds fatty/creamy textural attributes.  Use 
of inulin is particularly appropriate in low-fat products, such as chocolate, cheese, etc.  Key 
advantages of inulin are that it has a naturally sweet taste and is cheap to manufacture (Das, 
Vasudeva, & Sharma, 2016; Judžentiene & Budiene, 2008). 
Chicory has been used for centuries as a traditional medicine.  It is likely that knowledge 
about its medical benefits and uses was obtained through trial and error, and passed from one 
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generation to another.  Published literature describes how the different parts of the chicory plant 
should be processed and employed to treat various symptoms and ailments. For instance, the 
Turks use ointments which are made from leaves to heal wounds; whereas, in India chicory seeds 
are used as one of the main ingredients of Jigrine, which is used to treat various liver diseases. A 
large number of studies investigated chicory phytochemicals. Over 100 individual compounds 
have been isolated and identified, in which the majority originated from the roots (Das et al., 
2016; Street, Sidana, & Prinsloo, 2013). 
Chicory “coffee” is a beverage offering a bitter and smooth taste as well as a 
spicy/peppery and sweet/caramel aroma.  Furthermore, chicory contains no caffeine which 
means that chicory coffee is naturally caffeine-free.  Research has shown that the pure instant 
coffee contains much more caffeine than coffee/chicory blends (12.6 compared with 3.18 mg/fl 
oz) (Smith, R. F. Rees, 1963). 
The first time chicory was used as a coffee substitute or mixed with coffee is not certain. 
The use of chicory became popular in the Napoleonic era (ca. 1808) because of a major coffee 
shortage.  In the United States, the practice began in Louisiana when a Union naval blockade cut 
off the port of New Orleans and subsequently created a coffee shortage (Wild, 2005). 
Despite its desirable “coffee-like” flavor and taste little research is available on the 
specific components responsible for the characteristic flavor of roasted chicory.  A sensory study 
compared the perceived taste and flavor attributes of roasted chicory with those of coffee and 
noted that chicory contained more caramel-like and sweet aroma attributes than coffee (Fadel, 
Abdel Mageed, & Lotfy, 2008; Geel, Kinnear, & de Kock, 2005).   
The first mention of any chicory flavor compound was made by Tonsbeek et al (1968), 
who reported that beef broth contained a compound with a “roasted chicory-like aroma 
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character”, which was subsequently identified as 4-hydroxy-5-methyl-3(2H)-furanone.  The first 
investigation of the volatile components of roasted chicory root was conducted by Kawabta & 
Deki (1977).  They identified 35 compounds by gas chromatography-mass spectrometry (GC-
MS) and reported that acetophenone was a characteristic volatile component of roasted chicory 
root.  In a later study roasted chicory root oil components were isolated by column 
chromatography and analyzed by mass spectrometry (MS) and by various spectroscopic methods 
[infrared (IR), ultraviolet (UV) and nuclear magnetic resonance (NMR)] (Sannai, Fujimori, & 
Kato, 1982).  The following major volatile components of the roasted root were identified: 
vanillin, 5-hydromethyl-2-furfural, 2-acetylpyrrole, furfural, phenylacetic acid and others.  
The aroma-active components of roasted chicory aroma was first reported by Baek & 
Cadwallader (1998).  The volatile compounds of roasted chicory root were isolated by two 
different methods, simultaneous distillation-solvent extraction (SDE) and dynamic headspace 
analysis (DHA), and then analyzed by GC-MS and GC-olfactometry (O).  Many volatile 
constituents were identified, specifically a number of pyrazines and furans were in high 
abundance. Aroma-active compounds identified by gas chromatography-olfactometry (GC-O) 
included 2-ethyl-3,5-dimethylpyrzine, 2,3-butanedione, 1-octen-3-one, 3-methylbutanal and one 
unknown compound with a chicory- and burnt sugar-like note (Baek & Cadwallader, 1998).  In a 
more recent study, Judzentiene analyzed volatiles compounds isolated by hydrodistillation of air-
dried chicory roots from Lithuania. The authors considered octane, nonadecane, pentadecanone, 
hexadecane to be typical compounds among the various other volatile constituents identified 
(Judžentiene & Budiene, 2008). 
None of the above mentioned studies have provided a careful and comprehensive analysis 
of the aroma components of roasted chicory.  Especially of interest are the identities of 
4 
 
compounds responsible for specific characteristic aroma notes, such as sweet, caramel-like notes 
and the spicy, peppery, aromatic woody “chicory-like” note. Therefore, the objective of this 
study was to identify and quantitate the odor-important compounds responsible for the 
characteristic aroma of aqueous brews prepared from roasted and ground chicory root.  This 
study is the first to apply the GC-O technique of aroma extract dilution analysis (AEDA) and 
exact quantitation of selected odorants by stable isotope dilution analysis (SIDA) techniques.  
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 Chicory 
Chicory (Cichorium intybus) is a perennial herb of the Asteraceae family, usually 
possessing blue flowers (Figure 2.1 chicory plant).  It is cultivated throughout the world, 
including Europe, North Africa, and parts of Asia.  Historically, chicory was grown by the 
ancient Egyptians for medicinal applications, but it has also been used throughout the ages as a 
coffee substitute and vegetable crop. Starting from sowing until harvesting, the specifications of 
every stage of development are already well established, thus allowing the quality to be 
determined and guaranteed by strict examination (Bais & Ravishankar, 2001). 
The roots and leaves of chicory are multi-functional. The roots are excellent sources of 
inulin, a type of gum often used in food industry. Mature roots are dried and roasted and used as 
a coffee surrogate or coffee additive, while young and tender roots can be boiled and eaten as a 
vegetable. The leaves are consumed as vegetable by people in many countries – and is common 
in parts of Italy.  Also, chicory leaves can be used as forage for ruminant livestock (Wang & Cui, 
2013; Wulfkuehler et al., 2013). 
Aside from its use as a coffee substitute or additive, another important reason why 
chicory is a plant of great economical value is the fact that chicory root contains up to 40 percent 
inulin (dry weight basis). Inulin (Figure 2.2) is used as a replacement ingredient for sugar and fat 
due to its low caloric value and unique functional properties (Barclay et al., 2010), such as its 
ability to modify textural/mouthfeel attributes to be more like fat (fatty/creamy) and to serve as 
an effective bulking agent.  Use of inulin is particularly appropriate in low-fat products, such as 
chocolate, cheese, etc. Another advantage of inulin is that has a naturally sweet taste and is cheap 
to manufacture (Das et al., 2016; Judžentiene & Budiene, 2008). 
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Throughout the world, chicory has been used as source of traditional medicine for 
centuries. It is likely that insightful knowledge about chicory’s health benefits was obtained 
through trial and error and by passing on this information from one generation to another. The 
literature describes how different parts of the chicory plant are processed and employed to treat 
various symptoms and ailments. For instance, the Turks use ointments made from the leaves to 
heal wounds. In India chicory seeds are one of the main ingredients of Jigrine, which is used to 
treat various liver diseases. A large number of studies have investigated chicory phytochemicals. 
Over 100 individual compounds have been isolated and identified, most of which originated 
from the roots (Das et al., 2016; Street et al., 2013). 
Chicory coffee is a beverage offering bitter and smooth taste as well as a unique spicy/ 
peppery and sweet/caramel aroma.  In addition, chicory contains no caffeine which makes 
chicory coffee a naturally caffeine-free beverage.  Once study showed that a pure instant coffee 
contained much more caffeine than a coffee/chicory blend (12.6 versus 3.18 mg/fl oz, 
respectively) (Smith, 1963). 
2.2 Chicory Coffee  
2.2.1 Chicory Coffee History 
A timeline depicting the development of roasted chicory as a beverage/coffee surrogate is 
shown in Figure 2.3 Processing of chicory into various products. The exact time when people 
began mixing roasted chicory with coffee is uncertain, but it is known that during Napoleon’s 
“Continental Blockade” of 1808, which resulted in a major coffee shortage, the consumption of 
chicory coffee became popular in France (Wild, 2008). Likewise, during the Great Depression, 
the French routinely mixed chicory with coffee to help alleviate the coffee shortage problem, and 
they even consumed pure chicory brew instead of coffee.  
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Despite the fact that chicory does not contain caffeine, it does have a similar flavor 
profile as coffee, which made it a suitable coffee substitute during the period of the Napoleon’s 
blockade, during the Great Depression and at other times throughout history. When the blockade 
ended, the practice of blending chicory with coffee declined in France, but it did not disappear. 
In fact, the practice of consuming this novel coffee substitute came to the French colonies, like 
Louisiana. In 1860 alone, France exported 16 million pounds of chicory, and because of this 
popularity chicory is now grown in many parts of the world, namely in North America and 
Australia.  However, it wasn’t until the Civil War, when Union naval blockades closed the port 
of New Orleans port, which served as a one of the largest coffee importers at the time, that coffee 
chicory became a popular beverage in the US.  
In the US, Café du Monde is an essential part of the chicory coffee tradition. Café du 
Monde is located in the French Quarter of New Orleans and is like a post card of New Orleans 
and a popular tourist landmark.  The most typical New Orleans style coffee refers to café au lait, 
(chicory coffee with milk), which can be found at Café de Monde (Figure 2.4) and is usually 
accompanied by an order of beignets (Figure 2.5), a kind of donut with powdered coating.  In a 
way, chicory coffee is not only a popular beverage, but a New Orleans’ tradition. 
 
2.2.2 Chicory Processing 
The process of converting chicory into various products, including chicory coffee, is 
shown in Figure 2.6.  According to Bais & Ravishankar (2001), chicory roots are first washed, 
cut into slices and sun or kiln dried. The different drying methods has its own advantages.  Sun 
dried roots have a nicer appearance, while kiln drying is more efficient.  Roasting time depends 
on the chicory weight. Adding a small amount of oil, butter or clarified butter (0.9 kg per 50 kg 
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chicory) to the roots during roasting is reported to help promote or improve chicory’s flavor and 
color.  Roasting is a critical stage where the sugars are caramelized and increasing the histidine 
bases.  The roasted chicory root pieces are crushed or ground into the different forms depending 
on intended use, like ground chicory or grain chicory. Liquid chicory and instant chicory are 
made by aqueous extraction/infusion, followed by concentration or spray drying, respectively. 
The powdered chicory product has to meet certain specifications according to the Bureau of 
Indian Standards (Bais & Ravishankar, 2001).  
 
2.2.3 Flavor of Roasted Chicory 
The roasting of chicory leads to the formation of numerous thermally-derived volatile 
compounds due to pyrolysis, caramelization, Maillard and other reactions. Some aroma 
compounds derived from pyrolysis of the lignin contributes to chicory flavor, such as guaiacol, 
eugenol, isoeugenol, p-cresol and vanillin. Caramelization reactions lead to formation of 
dicarbonyls, pyranones, and furanones.  Meanwhile, the Maillard reaction and associated 
reactions, like the Strecker degradation, are responsible for the formation of heterocylic volatile 
compounds (e.g. pyrazines), Strecker aldehydes, furfuryl aldehydes and alcohols, among many 
other compounds. 
Sannai separated roasted chicory root oil by column chromatography and analyzed the 
isolated compounds by MS, IR, UV and/or NMR (Sannai et al., 1982). They identified the 
following major volatile components in the roasted root: vanillin, 5-hydromethyl-2-furfural, 2-
acetylpyrrole, furfural, phenylacetic acid and others (Table 2.1).  
The aroma-active components of roasted chicory aroma was reported by Baek & 
Cadwallader (1998).  The volatile compounds of roasted chicory root were isolated by either 
simultaneous distillation-solvent extraction (SDE) or dynamic headspace analysis (DHA) and 
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then analyzed by GC-MS and GC-olfactometry (O).  Many volatile constituents were identified, 
specifically a number of pyrazines and furans were found in high abundant (Table 2.2).  
Aroma-active compounds identified by GC-O included 2-ethyl-3,5-dimethylpyrzine, 2,3-
butanedione, 1-octen-3-one, 3-methylbutanal and one unknown compound with a chicory- and 
burnt sugar-like note (Table 2.3).   
In a more recent, Judžentiene & Budiene (2008) analyzed volatiles compounds isolated 
by hydrodistillation of air-dried chicory roots from Lithuania. Octane, nonadecane, 
pentadecanone, hexadecane were considered to be typical compounds among the various other 
volatile constituents identified in this non-roasted form of chicory root (Table 2.4)  
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2.3 Figures and Tables  
 
Figure 2.1. Chicory plant 
 
 
 
 
 
Figure 2.2.  Structure of Inulin, a water-soluble fiber. 
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Figure 2.3. The development of roasted chicory as a beverage and coffee substitute (Wild A, 
2008) 
 
 
 
 
Figure 2.4. Chicory coffee with chicory flower (http://coffee-brewing-methods.com/ 
coffee/chicory-coffee-what-is-chicory-coffee-and-how-to-make-it/) 
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Figure 2.5. Beignets (https://www.goldbely.com/cafe-du-monde) – a dessert often  
served with roasted chicory coffee in New Orleans, LA. 
 
Figure 2.6. Processing of chicory into various products  
(http://frenchcoffee.co.nz/french-coffee-blend/) 
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Table 2.1. Aroma components of roasted chicory 
(from Sannai et al., 1982; reproduced with permission) 
Sannai et al. 1981) 
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Table 2.2. Volatile compounds identified in SDE and DHS extracts of roasted chicory 
(from Baek & Cadwallader, 1998; reproduced with permission) 
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Table 2.3.  Aroma-active compounds detected in SDE and DHS extracts (from Baek & 
Cadwallader, 1998; reproduced with permission) 
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Table 2.4. Volatile constituents from aerial parts and roots of Cichorium intybus L. (chicory) 
grown in Lithuania (from Judžentiene & Budiene, 2008); reproduced with permission) 
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CHAPTER 3: MATERIALS AND METHODS  
3.1 Samples 
Raw and roasted chicory products evaluated in this study were obtained from commercial 
sources (Table 3.1). 
3.2 Chemicals 
Reagent grade dichloromethane (DCM), diethyl ether (anhydrous, containing 100 ppm 
BHT), hydrochloric acid (HCl, concentrated), sulfuric acid (H2SO4, concentrated), sodium 
hydroxide (NaOH), sodium carbonate (Na2CO3), sodium chloride (NaCl), sodium sulfate 
(Na2SO4, granular, anhydrous) and pentane were purchased from Fisher Scientific (Fairlawn, 
NJ). Odorless water was prepared by boiling deionized-distilled water in an Erlenmeyer glass 
flask until the volume was reduced by one-third. 
3.2.1 Unlabeled Reference Standards 
All authentic reference standards used for identification and quantitation including n-
alkane standards (C7–C30), were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO), 
except as otherwise noted: (Z)-4-heptenal (no. 9) (Alfa Aesar, Ward Hill, MA); 1-octen-3-one 
(no. 11) and 4-vinylguaiacol (no. 48) (Lancaster, Windham, NH); and dimethyltrisulfide (no. 14) 
(Columbia, Brunswick, OH).  
The following compounds were synthesized using published methods: (Z)-1,5-octadien-
3-one (no. 13)(Lin et al., 1999a), trans-4,5-epoxy-(E)-2-decenal (Lin et al. 1999b); 
dihydromaltol (no. 37) (Mills, 1972); rotundone (no. 50) (Mattivi et al., 2011). 
 
18 
 
3.2.2 Isotopically Labeled Standards 
The following labeled compounds were obtained from commercial sources:  3-methyl-
[2,2-2H2]-butanal (no. I-4), [
2H3]-guaiacol (no. I-38), and [
2H3]-p-cresol (no. I-45) (CDN, Pointe-
Claire, Quebec, Canada); [2H6]-dimethyl sulfide (no. I-1), phenylacetic acid (no. I-57), [
2H7]-
butanoic acid (no. I-29) and [2H5]-propionic acid (no. I-22)(Sigma-Aldrich). 
The following compounds were synthesized according to published procedures: [2H3]-
methylindole (no. I-55) (Schieberle et al, 1993); [2H4]-β-damascenone (I-35) and [2H3]-β-ionone 
(I-40) (Kotseridis et al., 1998); [13C2]-phenylacetaldehyde (I-30)
   (Schuh & Schieberle, 2006);   
[2H3]-vanillin (I-56) (Schneider & Rolando, 1992); [5,5,6,6-
2H4]-hexanal (no. I-7) (Steinhaus et 
al., 2009); [2H2-3]-1-octen-3-one (no. I-11) and [
2H2-3]-1-octen-3-ol (no. I-60) (Lin et al., 1999a); 
[2H4]-rotundone (Genthner, 2014); 
13C2-2,3-pentandione (no. I- 6), [
2H4]-octanal (no. 10), [
2H4]-
nonanal (no. I-15) and [2H4]-decanal (no. I-20)( Hausch, Lorjaroenphon & Cadwallader, 2015), 
[2H5]-3-ethyl-2,5-dimethylpyrazine (no. I-16)(Fang & Cadwallader, 2013), [
2H2]-2,4-decadienal 
(no. I-34)(Lin et al., 1999c), [2H3]-eugenol (no. I-42), [
2H3]-(Z)-isoeugenol (no. I-53) and [
2H3]-
(E)-isoeugenol (no. I-61)(Lorjaroenphon and Cadwallader, 2015), [3,4-2H2]-3-methylbutyric 
acid (no. I-31)(Guth & Grosch, 1994); [2H2]-2-methylpropanoic acid (no. I-26); [
2H5]-ethyl (E)-
2-cinnamate (no. I-47); [2H2]-(E)-2-octenal (no. I-59), and [
2H4]-indole (I-54). 
3.2.2.1 Synthesis of working solution of 2-methyl-[3,4-2H2]-propanal (no. I-2) and 2-
methyl-[3,4-2H2]-butanal (no. I-3) 
The labeled aldehydes were synthesized in two steps, beginning with the synthesis of the 
unsaturated alcohols followed by their oxidation to the corresponding aldehydes.  2-Methyl-[2,3-
2H2]-propan-1-ol was synthesized from 2-methyl-2-propen-1-ol (Sigma-Aldrich) using the 
method of Lapsongphon et al. (2015).  2-Methyl-[3,4-2H2]-butan-1-ol was synthesized according 
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to the method previously described for the synthesis of 3-methyl-[3,4-2H2]-butan-1-ol (Steinhaus 
and Schieberle, 2005) with slight modification, as follows: chlorotri(triphenylphosphine)-
rhodium(I) (Wilkinson’s catalyst, 0.15 g)(Sigma-Aldrich), 2-methyl-3-buten-1-ol (0.950 g, 11.0 
mmol)(Sigma-Aldrich) were placed in a pressure reactor equipped with a stir bar and rubber 
septum. The reactor was flushed for 5 min with deuterium gas (40 psi; UHP grade 99.995%; 
isotopic enrichment 99.7%; Matheson Tri-Gas, Parsippany, NJ, USA) using a needle placed 
below the solution. The spent catalyst was removed by centrifugation after the reaction was 
complete. 2-Methyl-[3,4-2H2]-butan-1-ol was obtained after purification by vacuum distillation: 
0.470 g (49.5 % yield). MS-EI, m/z (%): 58 (100), 43 (88), 42 (81), 45 (81), 57 (73), 44 (55), 41 
(35), 40 (28), 39 (17), 76 (1, M+).  
2-Methyl-[2,3-2H2]-propan-1-ol (50 mg; 0.66 mmol) and 2-methyl-[3,4-
2H2]-butan-1-ol 
(50 mg; 0.55 mmol) in 2 mL of 1,2-dichloroethane (DCE)(Sigma-Aldrich) was added in one 
portion to a stirred solution of pyridinium chlorochromate (0.43 g; 0.002 mol) in 5 mL of DCE.  
After stirring for 1.5 h at room temperature the reaction mixture was passed through a column of 
Florisil (10 g) followed by an additional 10 mL of DCE to rinse the column.  The final solution 
(approximately 15 mL) was used directly in SIDA.  Concentrations of the labeled aldehydes 
were determined by GC-FID with external standard calibration against the corresponding 
unlabeled aldehydes as standards. 
3.2.2.2 Synthesis of 2H3-maltol (no. I-41) 
 The target compound was synthesized from 1-(2-furyl)-[2H3]-ethanol using the method of  
Brennan et al. (1978) with slight modification.  The key step in the synthesis was the synthesis of 
the 1-(2-furyl)-[2H3]-ethanol, which was done as follows:  In a 250-mL three-neck flask 
equipped with efficient stirring and nitrogen purge was added 50-mL (25 mmol) of a 0.5M 
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solution of [2H3]-methyl lithium in ether (Sigma-Aldrich).  The flask was cooled in a dry-ice 
acetone bath and then 2.0 g (20 mmol) of 2-furaldehyde (Sigma-Aldrich) in 10 mL of ether was 
slowly added.  After one hour of stirring at this temperature the flask was removed from the dry-
ice acetone bath and allowed warm to room temperature (about 1 h).  The flask was cooled in an 
ice-water bath and the reaction quenched with ice-cold water (50 mL) and then acidified with 
aqueous 4N H2SO4.  The reaction mixture was extracted with ether (3 x 25 mL).  The ether 
layers were pooled and washed with aqueous saturated NaCl (2 x 25 mL) and then the solvent 
was removed to yield 2.1 g of 1-(2-furyl)-[2H3]-ethanol of about 80% purity: MS-EI, m/z (%): 97 
(100), 115 (55, M+), 69 (30), 87 (15).  MS-EI, m/z (%) for [2H3]-maltol: 129 (100, M+). 
3.2.2.3. Synthesis of [5,5,6,6-2H4-hexanoic acid (no. I-62), [3,3,4,4-2H4]-heptanoic acid 
(no. I-63), [3,3,4,4-2H4]-octanoic acid (no. I-64), [3,3,4,4-2H4]-nonanoic acid (no. I-65) and 
[3,3,4,4-2H4]-decanoic acid (no. I-66).  
5-Hexyn-1-ol, 3-Heptyn-1-ol, 3-Octyn-1-ol, 3-nonyn-1-ol and 3-decyn-1-ol were 
deuterated to their corresponding [2H4]-alkan-1-ols using the method described Hausch, 
Lorjaroenphon,  and Cadwallader (2015) for the synthesis of [5,5,6,6-2H4]-hexan-1-ol from 5-hexyn-
1-ol. The deuterated alcohols were the oxidized to their corresponding acids using potassium 
permanganate as described by Guth and Grosch (1994) for the synthesis of [3,4-2H2]-3-
methylbutyric acid. 
[3,3,4,4-2H4]-heptanoic acid, MS-EI (70eV), m/z (%):  61 (100), 75(83), 62 (29), 45 (27), 
60 (26), 43 (25), 87 (24), 44 (22), 42 (22), 41 (19), 58 (18), 57 (17), 73 (16), 88 (12), 59 (12),  46 
(12), 103 (11), 91 (10). 
[3,3,4,4-2H4]-octanoic acid, MS-EI, m/z (%):  61 (100), 75 (86), 45 (26), 44 (25), 43 (25), 
101 (24), 88 (24), 41 (21), 42 (20), 58 (19), 57 (19), 87 (18), 74 (16). 
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[3,3,4,4-2H4]-decanoic acid, MS-EI, m/z (%):  61 (100), 75 (86), 60 (31), 45 (26), 44 (25), 
43 (25), 101 (24), 88 (24), 41 (21), 62 (20), 42 (20), 58 (19), 57 (19), 87 (18), 74 (16). 
3.3 Static Headspace Solid-Phase Microextraction-Gas Chromatography-
Olfactometry (SPME-GC-O)  
Chicory coffee brews were prepared from each of the five commercial roasted chicory 
products as follows:  Boiling deodorized water ( 99+ C; 300 g) was added to 30 g of chicory in 
a 500-mL beaker.  The beaker was covered with aluminum foil and stirred for 5 min. The 
suspension was filtered (0.2-0.5 mm, nylon mess) into a clean 500-mL beaker cooled in an ice-
water bath.  Aliquots (10 mL) of each brew were placed in separate 40 ml headspace vials, 
capped with PTFE-lined silicon septa and stored at -70 ℃ prior to analysis.  For analysis, vials 
were transferred to a 60 ℃ water bath incubated for 10 min, then a SPME fiber [1-cm, 
Carboxen/DVB/PDMS; Sigma-Aldrich) was inserted through the septum and exposed to the 
headspace of the vial for 40 min. 
GC-O was performed using a 6890N GC (Agilent Technologies Inc., Palo Alto, CA) 
equipped with split/splitless injector, a flame ionization detector (FID, 250C) and a sniff port 
(DATU Technology Transfer, Geneva, NY).  Volatile compounds were desorbed from the 
SPME fiber by hot splitless injection (260C; 4 min valve-delay).  Separations were performed 
using a RTX-Wax column (15 m length × 0.54 mm i.d. × 1 μm film thickness; Restek 
Bellefonte, PA).  Helium was used as the carrier gas at a constant flow rate of 5 mL/min. Oven 
temperature was programmed from 35C to 225C at 10C/min with initial and final hold times 
of 5 min and 30 min, respectively. 
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3.4 Preparation of Aroma Extracts 
Roasted chicory brew was prepared as earlier described.  The brew (approx. 250 mL) was 
divided equally between two 250-mL PTFE centrifuge bottles and DCM (50 mL) was added to 
each bottle.  The bottles were sealed with FPE caps, shaken at 200 rpm (DS-500 orbital shaker; 
VWR International, Radnor, PA) for 30 min, and then centrifuged at 3500 rpm for 15 min (IEC 
HN-SII Centrifuge; Damon/IEC Division; Needham, MA).  After the DCM layer was collected, 
the extraction was repeated two more times as above. The three DCM extracts were combined, 
concentrated to 50 mL using a Vigreux column (45 ℃) and stored at -20 ℃ until subjected to 
solvent-assisted flavor evaporation (SAFE) as described previously (Rotsatchakul, Chaiseri & 
Cadwallader, 2008). 
3.5 Fractionation of aroma extracts 
The SAFE aroma extract from above was subjected to compound class fractionation. 
First, the extract was washed with aqueous sodium carbonate (NaCO3) (5% w/v; 3 × 10 mL) to 
separate the acidic compounds (aqueous phase) from the neutral/basic compounds (DCM phase). 
The aqueous phase was acidified with aqueous 4 N HCl to pH 2 and extracted with diethyl ether 
(3 × 10 mL) to yield the acidic (A) fraction. The neutral/basic fraction from above was extracted 
with aqueous 0.1 N HCl (3 × 10 mL) to separate the neutral (N) compounds (DCM fraction) 
from the basic (B) compounds (aqueous fraction). The aqueous phase was made alkaline (pH 9) 
with aqueous 1N NaOH and then the basic volatiles were extracted into DCM (3 ×10 mL). Each 
fraction from above was washed with aqueous saturated NaCl solution (2 ×10 mL), condensed to 
5 mL using a Vigreux column (45 ℃) and then dried over anhydrous Na2SO4 (5 g). Extracts were 
concentrated to 1 mL using a gentle N2 stream and stored at -20 ℃ until analysis. 
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3.6 Gas chromatography-Olfactometry (GC-O) 
The GC-O system used for analysis of aroma extracts (1 μL injection) consisted of a 6890 
GC (Agilent Technologies Inc.) equipped with a cool-on column injector, an FID, a DATU sniff 
port and a cool on-column injector (+3 ℃ oven tracking).  Separations were performed using 
either a Stabilwax column (15 m length × 0.54 mm i.d. × 1 μm film thickness; Restek) or an 
RTX-5 column (15 m length × 0.53 mm i.d.× 1μm film thickness; Restek).  Helium was used as 
the carrier gas at a constant flow rate of 5 mL/min. Oven temperature was programmed from 
35C to 225C at 10C/min with initial and final hold times of 5 min and 30 min, respectively.  
3.7 Gas chromatography-Mass spectrometry (GC-MS) 
A 6890N GC/5973N mass selective detector (MSD) (Agilent Technologies Inc.) system 
was used to perform GC-MS analyses.  Each aroma extract fraction was injected (2 μL) into a 
CIS4 inlet (Gerstel, Germany) using the cold splitless mode (initial temperature: -50 °C; 12°C/s 
to 260 °C; splitless valve-delay: 1.1 min) into a Stabilwax column (30m × 0.32mm × 0.25μm 
film thickness; Restek).  Helium was used as the carrier gas at a constant rate of 1 mL/min. Oven 
temperature was programmed from 40°C to 225°Cat ramp 6°C/min with initial and final hold 
times of 5 min and 30 min, respectively.  MSD conditions were as follows:  ion source 
temperature was 200°C, ionization mode was electron-impact (EI), electron energy was 70eV, 
and scan range was 33-300 a.m.u. 
3.8 Aroma Extract Dilution Analysis (AEDA) 
The same GC-O system and conditions used for AEDA were the same as earlier 
described for the on-column injector equipped instrument.  Serial dilutions (1:3, 1:9, 1:27 v/v, 
etc.) were prepared for each aroma extract fraction in DCM.  GC conditions were the same as 
earlier described.  Analyses were performed by two experienced panelists.  The results of one 
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panelist were used to determine the flavor dilution (FD) factor for each odorant.  An FD-factor is 
the highest dilution in which an odorant is last detected by GC-O, i.e. if an odorant was detected 
in the 1:27 dilution but not the 1:81 dilution it would be assigned an FD of 27. 
3.9 Compound Identification 
Compound identifications were initially assigned based comparing the EI mass spectra of 
peaks compared against those in the National Institute of Standards and Technology (NIST) 
2008 Mass Spectral Library.  A compound was considered to be positively identified if its 
retention indices (RI) on both polar and non-polar columns, its odor characteristic, and its EI-
mass spectrum matched those of an authentic reference standard.  Whenever mass spectrum 
and/or authentic reference standard were unavailable for a compound, its RI values were 
compared to literature values and/or online databases (Flavornet and Pherobase) to aid in its 
identification.  In these cases, the compound was considered to be only tentatively identified.  
Retention indices were calculated by injection of series of n-alkanes as described by van den 
Dool & Kratz (1963). 
3.10 Quantitation of Rotundone 
3.10.1 Isolation/Extraction 
Chicory brews were prepared as previously described in section 3.3.  Each brew (three 
were prepared; 255, 263 or 260 mL) was spiked with 200 µl of a solution containing 37.6 µg/mL 
of [2H4]-rotundone.  After mixing, the brew was extracted with diethyl ether as described in 
section 3.4.  The extract was concentrated to 5 mL by distillation using a Vigreux column (45 ℃) 
and then concentrated to (500 µL) using a gentle stream of N2 gas.  The extract was passed 
through a bed (35 g) of silica gel (Merck Grade 9385, pore size 60Å; Sigma-Aldrich) slurry 
packed with 100 mL pentane in a glass column (2.5 cm i.d. x 50 cm length).  The following 
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elution solvents (50 mL each) were used (gravity fed) to elute the target compound:  
pentane:ether ratio (v/v) = 98:2, 95:5, 90:10, 80:20, 70:30, 60:40.  Ten mL fractions were 
collected.  Rotundone eluted in between the 70:30 and 60:40 elution solvents. The fractions 
containing rotundone were pooled and concentrated to about 1 mL by evaporation in the fume 
hood and then further concentrated to 0.5 mL using a gentle stream of N2 gas just before 
analysis.  Triplicate extracts were prepared. 
3.10.2 Quantitation of Rotundone  
3.10.2.1 GC-FID Calibration of Stock Solutions 
Standardization of rotundone (no. 50) and [2H4]-rotundone (no. I-50) solutions was 
conducted using a 6890 GC (Agilent Technologies Inc.) equipped with a split/splitless injector 
and FID.  An unknown solution (50 µL) of either a rotundone or [2H4]-rotundone  (in ether) was 
mixed with 50 µL of a known solution of nootkatone (10.4 µg/mL in ether)(Sigma-Aldrich).  
The mixture was injected (2 µL) in the hot split mode (250C; 1:10 split ratio) and separations 
performed using an RTX-5 column (15 m × 0.32mm × 0.5μm film thickness; Restek).  Oven 
temperature was programmed from 100°C to 250°C at 10°C min with initial and final hold times 
of 0.5 min and 10 min, respectively.   Concentrations of rotundone and [2H4]-rotundone were 
determined from their peak area ratios relative to nootkatone (i.e., rotundone versus nootkatone) 
assuming that the compounds had the same GC-FID response factors.   
3.10.2.2 Determination of GC-MS Response Factor  
The following approximate mass ratios of rotundone and [2H4]-rotundone were prepared 
in ether: 1:10, 2:10, 5:10, 10:10, 10:5, 10:2, 10:1.  Analyses were conducted using the previously 
described GC-MS system.  Two μL of each solution was injected into a CIS-4 inlet (Gerstel) in 
the hot splitless mode (1.10 valve-delay).  Separations were performed using a Stabilwax® 
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column (30.0 m length x 0.25 mm i.d. x 0.25 μm film thickness; Restek). Oven temperature was 
programmed as follows: initial temperature 40 °C (5 min hold), ramp rate 10°C/min to a final 
temperature of 225°C (35 min hold time).  Helium was used as the carrier gas at a constant flow 
of 1.0 mL/min. The MSD conditions were as follows: capillary direct interface temperature, 
260 °C; ionization energy, 70 eV; mass range, 35 to 300 amu; electron multiplier voltage 
(Autotune + 200 V); scan rate, 5.27 scans/s.  Data acquisition was performed using simultaneous 
full scan (35-300 m/z) and selective ion monitoring (SIM) (50 ms dwell time; ions monitored: 
218, 203, 222, 221, 206, 175 m/z).  Response factor was determined as the inverse of the slop of 
a plot of mass ratio versus area ratio of labeled to unlabeled compounds. 
  
3.10.2.3 GC-MS Analysis of Sample Extracts 
GC-MS analyses were conducted as described above except that extracts were injected (2 
µL) in the cold splitless mode (initial temperature: -50°C; 12°C /s to 260°C; splitless valve-
delay: 1.1 min).  Oven temperature was held at 40°C for 5 min, ramped to 65 at 2°C /min, then 
ramped to 225°C at 3°C/ min, and held at 225°C for 60 min. The MSD conditions were as 
follows: capillary direct interface temperature, 260 °C; ionization energy, 70 eV; mass range, 35 
to 300 amu; electron multiplier voltage (Autotune + 200 V); scan rate, 5.27 scans/s. Data 
acquisition was performed using simultaneous full scan (35-300 m/z) and selective ion 
monitoring (SIM) (50 ms dwell time; ions monitored: 218, 203, 222, 221, 206, 175 m/z).   
 
3.11 Quantitation by SPME-GC-MS-SIDA 
 
Chicory brew was prepared as previous described.  A 4-mL aliquot of the brew plus 1 g 
of NaCl (conditioned/cleaned prior at 150C for 2 h prior to use) were transferred to a 20 mL 
headspace vial.  The vial was sealed with a PTFE-lined silicon septum equipped screw cap.  
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Prior to analysis the vial was spiked with a known volume of one or more of the isotope internal 
standard solutions described in Table 3.3.  Vials were analyzed by SPME-GC-MS using a 
CombiPal autosampler coupled to a 6890N/5973N GC-MS system (Agilent Technologies Inc.).  
Vial was pre-incubated at 60C for 10 min and then a SPME fiber [2-cm, 
Carboxen/DVB/PDMS; Sigma-Aldrich) was inserted through the septum and exposed for 30 min 
to the headspace of the vial. 
Volatile compounds were desorbed from the SPME fiber into the GC-MS system by hot 
splitless injection (260C; 4 min valve-delay).  Separations were performed using a Stabilwax 
GC column (30 m × 0.32 mm × 0.25μm film thickness; Restek).  Helium was used as the carrier 
gas at a constant rate of 1 mL/min. Oven temperature was programmed from 40°C to 225°C at 
4°C min with initial and final hold times of 5 min and 30 min, respectively.  
The MSD conditions were as follows: capillary direct interface temperature, 260 °C; 
ionization energy, 70 eV; mass range, 35 to 300 amu; electron multiplier voltage (Autotune + 
200 V); scan rate, 5.27 scans/s.  Data acquisition was performed using the simultaneous full scan 
(35-300 m/z) and selective ion monitoring (SIM) (50 ms dwell time; ions monitored are indicated 
in Table 3.3) modes.   
The concentration for a target compound was determined by the following equation: 
 
Cncntarget (µg/L) = (Areatarget/AreaIS)   Rf     Volspike (µL)    CncnIS (µg/ µL) ÷ Sample Vol (mL) 
 
 
For determination of response factors (Rf), solutions of the following approximate mass 
ratios of unlabeled to labeled compounds were prepared in ether: 1:10, 2:10, 5:10, 10:10, 10:5, 
10:2, 10:1 and analyzed as above, except that injections were done in the hot split mode (260C; 
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1:50 split ratio). Response factors were determined as the inverse of the slop of a plot of mass 
ratio versus area ratio for the unlabeled versus labeled compounds 
For cycltone (no. 36) , dihydromaltol (no. 37) and maltol (no. 41) the calibration curves 
were determined by SPME-GC-MS as earlier described.  The response factor of these three 
compounds was determined against 2H3-maltol (no. I-41) in an aqueous 0.1M citric acid buffer 
with a pH (3.6) close to that of roasted chicory brew.  Different approximate mass ratios (10:1, 
5:1, 1:1, 1:5, 1:10) of the compounds were spiked into 4 ml of the buffer prior to analysis.  
Response factors were determined as the inverse of the slop of a plot of mass ratio versus area 
ratio for the unlabeled compounds against 2H3-maltol. 
 
3.12 Threshold Testing 
The sensory testing protocol was approved by the Institutional Review Board of the 
University of Illinois at Urbana Champaign (IRB# 17658).  Best estimate threshold of rotundone 
was determined using the ASTM ascending forced choice method of limits method E679-04 
(Conshohocken 1997). The threshold was determined orthonasally in a matrix consisting of an 
instant coffee aqueous suspension.  Individual samples of coffee matrix were made by 
suspending 0.33 g of Folgers instant coffee crystals (Folger Coffee Company, Cincinnatti, OH) 
in 40 ml of odor-free water in 125-mL PTFE sniff bottles.  Stock solutions of rotundone 
(prepared in ether) were used to deliver the appropriate amount of the compound to 125 ml 
Teflon squeeze bottles as previously described (Buttery and Guadagni, 1978).  Panelists (n=32) 
were given these concentrations (test solutions) in a series along with 2 matrix blanks containing 
the same volume of ether added to the spiked matrix.  A series of eleven ascending 
concentrations was tested.  The individual best estimate threshold was calculated as the 
geometric mean of the last concentration with an incorrect response and the first concentration 
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with a correct response. The group best estimate threshold (BET) was calculated as the 
geometric mean of the individual best estimate thresholds.  
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3.13 Figures and Tables  
Table 3.1. Chicory samples evaluated/analyzed in study 
Code Chicory name /description Company 
S1 Chicory root raw C/S Organic Cichorium 
intybus Origin: Croatia Kosher certified by 
Kosher Certification Services 
Starwest Botaniclas, Inc. 
Sacramento CA. Certified organic 
by QAI, Inc. 
S2 100% Chicory (ground), Medium-Dark Roast Imported by Community Coffee, 
Baton Rouge, LA 
S3 #45 Chicory root granules roasted, Cichorium 
intybus. Origin: India  
Atlantic Spice Co., North Truro, 
MA 
S4 Leroux Instant Chicory, 100% chicory, 
Origin: France 
Imported by Crossings Fine Food, 
NY. Manufactured by Leroux, 
59310 Orchies, France 
S5 Roasted chicory root fine powder Cichorium 
intybus 100% organic, certified organic by 
Intertek. Origin: India  
Distributed by Blue Lily Organic 
LLC, Phoenix, AZ 
S6 100% Roasted chicory root granules. Origin: 
India 
Imported from France. New River 
Gourmet, Shawsville, VA 
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Table 3.2. Selected ions (m/z) and response factors used in stable isotope dilution analysis 
no.a compound  ionb no.,c  labeled internal standard ionb R2 d Rf 
e 
1 dimethyl sulfide 62 I-1 [2H6]-dimethyl sulfide  68 1.00 1.10 
2 2-methylpropanal 72 I-2 [2H2]-2-methylpropanal 74 1.00 0.597 
3 2-methylbutanal 86 I-3 [2H2]-2-methylbutanal 88 0.99+ 0.518 
4 3-methylbutanal 86 I-4 [2H2]-3-methylbutanal  88 0.99+ 0.580 
5 2,3-butanedione 86 I-4 f [2H2]-3-methylbutanal  88 0.99+ 0.0720 
6 2,3-pentanedione 100 I-6 13C2-pentanedione 102 0.99+ 0.692 
7 hexanal 72 I-7 [2H4]-hexanal 76 0.99+ 0.156 
10 octanal 110 I-10 [2H4]-octanal 114 0.99+ 0.490 
11 1-octen-3-one 70 I- [2H2-3]-1-octen-3-one 73 0.99+ 1.14 
15 nonanal 114 I-15 [2H4]-nonanal 116 0.99 0.440 
17 acetic acid 60 I-17 [2H3]-acetic acid 63 0.99+ 0.504 
16 3-ethyl-2,5-dimethylpyrazine 135 I-16  [2H5]-3-ethyl-2,5-dimethylpyrazine 141 0.99+ 0.680 
18 2-ethyl-3,5-dimethylpyrazine 135 I-16 f [2H5]-3-methyl-2,5-dimethylpyrazine 141 0.99+ 0.680 
19 2,3-diethyl-5-methylpyrazine 150 I-16 f [2H5]-3-methyl-2,5-dimethylpyrazine 141 0.99+ 0.680 
20 decanal 128 I-20 [2H4]-decanal 130 0.99+ 1.92 
22 propionic acid 74 I-22 [2H5]-propionic acid 79 1.00 0.789 
26 2-methylpropanoic acid 73 I-26 [2H2]-2-methylpropanoic acid 75 1.00 1.06 
29 butanoic acid 60 I-29 [2H7]-butanoic acid 63 0.91 1.65 
30 phenylacetaldehyde 120 I-30 [13C2]-phenylacetaldehyde 122 0.99+ 0.844 
31 3-methylbutanoic acid 87 I-31 [2H2]-3-methylbutanoic acid 89 0.99+ 0.860 
34 (E,E)-2,4-decadienal 152 I-34 [2H2]-(E,E)-2,4-decadienal 154 0.99 0.827 
35 (E)--damascenone 190 I-35 [2H4]-(E)--damascenone  194 1.00 0.721 
36 cylcotene 112 I-41 f [2H3]-maltol 129 0.98 1.05 
37 dihydromaltol 128 I-41 f [2H3]-maltol 129 0.99+ 1.38 
38 guaiacol 124 I-38 [2H3]-guaiacol 127 0.99+ 0.922 
40 -ionone 177 I-40 [2H3]- -ionone 180 1.00 0.559 
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Table 3.2. (cont.)       
41 maltol 126 I-41 f [2H3]-maltol 129 0.99+ 0.986 
42 eugenol 164 I-42 [2H3]-eugenol 167 0.99+ 0.907 
45 p-cresol 108 I-45 [2H3]-p-cresol 111 0.99+ 0.869 
46 m-cresol 108 I-45 f [2H3]-p-cresol 111 0.99+ 1.11 
47 ethyl (E)-cinnamate 176 I-47 [2H5]-ethyl (E)-cinnamate 181 0.99+ 1.09 
50 rotundone 218 I-50 [2H4]-rotundone 206 0.99+ 0.998 
53 (E)-isoeugenol 164 I-53 [2H3]-(E)-isoeugenol 167 0.99+ 1.02 
54 indole 117 I-54 [2H4]-indole 121 1.00 0.451 
55 3-methylindole (skatole) 131 I-55 [2H3]-3-methylindole 134 1.00 0.909 
56 vanillin 152 I-56 [2H3]-vanillin 155 1.00 0.915 
57 phenylacetic acid 136 I-57 [13C2]-phenylacetic acid 138 1.00 0.925 
58 trimethylpyrazine 122 I-16 f [2H5]- 3-ethyl-2,5-dimethylpyrazine 141 0.99+ 0.680 
59 (E)-2-octenal 97 I-59 [2H2]-(E)-2-octenal 99 0.99 0.890 
60 1-octen-3-ol 57 I-60 [2H2-3]-1-octen-3-ol 60 0.99+ 0.743 
61 (Z)-isoeugenol 164 I-53 f [2H3]-(Z)-isoeugenol 167 0.99+ 1.02 
62 hexanoic acid 87 I-62 [2H4]-hexanoic acid 91 0.99+ 0.356 
63 heptanoic acid 73 I-63 [2H4]-heptanoic acid 75 0.99+ 1.07 
64 octanoic acid 73 I-64 [2H4]-octanoic acid 75 1.00 1.06 
65 nonanoic acid 73 I-65 [2H4]-nonanoic acid 75 0.99+ 0.988 
66 decanoic acid  143 I-66 [2H4]-decanoic acid 145 0.99+ 0.903  
a Numbers corresponded to those in Tables 3.3 b Selected ion used in selective ion monitoring-GC-MS.  c The letter “I” indicates 
isotopically labeled compound. Numbers correspond to those in Table 3.3. 
d Coefficient of determination for calibration plot. e Response factor.  f Isotope unavailable, a structurally similar compound was used as 
internal standard.  
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Table 3.3.  Working solutions and spike volumes used in SIDA of roasted chicory brews 
no. a isotope internal standard 
working solution concentration 
(units/dilutions given) 
volume 
added (µL) b 
I-1 [2H6]-dimethyl sulfide 8.50 µg/µL; 1:1000 v/v 2.0 µL 
I-2 [2H2]-2-methylpropanal 0.126 µg/µL 2.0 µL 
I-3 [2H2]-2-methylbutanal 0.136µg/µL 2.0 µL 
I-4 [2H2]-3-methylbutanal 0.134 µg/µL 2.0 µL 
I-6 [13C2]-2,3-pentanedione 0.346 µg/µL; 1:100 v/v 5.0 µL 
I-7 [2H4]-hexanal 0.899 µg/µL; 1:10 v/v 2.0 µL 
I-10 [2H4]-octanal 1.17 µg/µL; 1:100 v/v 5.0 µL 
I-11 [2H2-3]-1-octen-3-one 0.47 µg/µL; 1:100 v/v 2.0 µL 
I-15 [2H4]-nonanal 1.14 µg/µL; 1:100 v/v 5.0 µL 
I-16 [2H5]-2-ethyl-3,5-dimethylpyrazine 1.24 µg/µL; 1:100 v/v 2.0 µL 
I-17 [2H3]-acetic acid 116 µg/µL; 1:10 v/v 5.0 µL 
I-20 [2H4]-decanal 1.21 µg/µL; 1:100 v/v 5.0 µL 
I-22 [2H5]-propionic acid 14.3 µg/µL 2.0 µL 
I-26 [2H2]-2-methylpropanoic acid 10.5 µg/µL 2.0 µL 
I-29 [2H7]-butanoic acid 1.10 µg/µL 2.0 µL 
I-30 [13C2]-phenylacetaldehyde 0.115 µg/µL 2.0 µL 
I-31 [2H2]-3-methylbutanoic acid 5.16 µg/µL; 1:20 v/v 10.0 µL 
I-34 [2H2]-(E, E)-2,4-decadienal 2.73 µg/µL; 1:1000 v/v 2.0 µL 
I-35 [2H4]-(E)--damascenone 0.0516 µg/µL; 1:100 v/v 2.0 µL 
I-38 [2H3]-guaiacol 1.50 µg/µL; 1:10 v/v 2.0 µL 
I-40 [2H3]--ionone 0.0286 µg/µL; 1:100 v/v 2.0 µL 
I-41 [2H3]-maltol 1.31 µg/µL 5.0 µL 
I-42 [2H3]-eugenol 1.39 µg/µL; 1:10 2.0 µL 
I-45 [2H3]-p-cresol 1.09 µg/µL; 1:100 v/v 5.0 µL 
I-47 [2H5]-ethyl (E)-cinnamate 0.660 µg/µL; 1:1000 v/v 2.0 µL 
I-50 [2H4]-rotundone 0.0376 µg/µL 200 µL 
c 
I-53 [2H3]-(E)-isoeugenol 0.344 µg/µL; 1:10 v/v 2.0 µL 
I-54 [2H4]-indole 1.06 µg/µL; 1:100 v/v 2.0 µL 
I-55 [2H3]-3-methylindole 1.07 µg/µL; 1:1000 v/v 2.0 µL 
I-56 [2H3]-vanillin 0.428 µg/µL; 1:10 v/v 5.0 µL 
I-57 [13C2]-phenylacetic acid 10.9 µg/µL; 1:10 v/v 5.0 µL 
I-59 [2H2]-(E)-octenal 1.96 µg/µL; 1:100 v/v 2.0 µL 
I-60 [2H2]-1-octen-3-ol 1.40 µg/µL; 1:1000 v/v 5.0 µL 
I-61 [2H3]-(Z)-isoeugenol 0.186 µg/µL; 1:10 2.0 µL 
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Table 3.3. (cont.)   
I-62 [2H4]-hexanoic acid 2.13 µg/µL; 1:10 2.0 µL 
I-63 [2H4]-heptanoic acid 1.08 µg/µL, 1:50 v/v 2.0 µL 
I-64 [2H4]-octanoic acid 1.72 µg/µL; 1:100 v/v 2.0 µL 
I-65 [2H4]-nonanoic acid 13.7 µg/µL; 1:10 2.0 µL 
I-66 [2H4]-decanoic acid 1.48 µg/µL; 1:1000 v/v 2.0 µL 
a Numbers correspond to those in Table 3.2. b Volume added to 4 mL brew before analysis by 
SPME-GC-MS.  c Volume added to 150 mL brew before extraction, fractionation and analysis 
by GC-MS. 
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CHAPTER 4: RESULTS AND DISCUSSIONS  
 
Six commercial brands of chicory were obtained from US suppliers, representing a range 
of forms from raw ground chicory root (S1), to roasted ground chicory (S2, S3, S5, S6), to 
instant roasted chicory granules (S4) (Table 3.1).  A preliminary study was conducted to 
compare and the aroma profiles of the five roasted chicory products (S2 – S6).  Hot water 
extracts/infusions (brews) were prepared from all five brands and the aromas evaluated by a few 
lab members familiar with the flavor of chicory coffee.  All brews possessed typical chicory like 
aromas.  Four were considered to be similar to one another with respect to aroma, while one 
product, Leroux instant chicory (S4), was clearly different from the other four. 
4.1 Aroma Profile Comparison of Roasted Chicory Products 
Aroma profiles of brews prepared from the five brands of roasted chicory brands were 
evaluated using headspace solid-phase microextraction-gas chromatography-olfactometry 
(SPME-GC-O).  As shown in Table 4.1, all brews shared a number of the same aroma 
compounds, especially sweet/caramel and spicy/peppery notes were present in all five products. 
Based on these results we choose one representative product for further detailed analyses.  This 
brand (S2) was considered to have a representative aroma, and, furthermore, this is the same 
brand that was studied in the previous study by Baek & Cadwallader (1997). This brand of 
chicory is imported from France by the Community Coffee Company (Baton Rouge, LA) and is 
a typical New Orleans style chicory coffee. 
4.2 Comprehensive Aroma Analysis by GC-O and AEDA 
 An aroma extract was prepared from a prepared from Community roasted chicory (S2) 
using exhaustive solvent (ether) extraction and a careful cleanup step (i.e. solvent-assisted flavor 
evaporation, SAFE) to yield a representative aroma extract, which when evaluated using a flavor 
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blotter possessed the characteristic aroma expected for the roasted chicory brew.  To simplify 
subsequent analyses by GC-O and AEDA, the aroma extract was further separated into neutral, 
basic and acidic fractions. 
 A combined total of 55 compounds were detected in chicory brew by GC-O and AEDA 
(Tables 4.2 and 4.3).  The aroma components of roasted chicory can be categorized as follows:  
14 aldehydes, 8 ketones, 5 furanones/pyranes, 7 nitrogen-containing and 1 sulfur- containing 
compound, 6 acids, 7 phenols/guaiacols, 2 alcohols, 1 ester, 1 ethers and 3 unknown compounds. 
Thirty-eight (38) compounds are reported for the first time as aroma components of 
roasted chicory.  Among the compounds listed in Tables 4.2 and 4.3 (and 4.4) those identified in 
previous studies on roasted chicory include:  phenylacetaldehyde (no. 30), cyclotene (no. 36), 
phenylacetic acid (no. 57) and vanillin (no. 56)  by Sannai et al. (1981); dimethylsulfide (no. 1), 
2-methylbutanal (no. 3), 3-methylbutanal (no. 4), 2,3-butanedione (no. 5), 2,3-pentanedione (no. 
6), hexanal (no. 7), 1-octen-3-one (no. 11), nonanal (no. 15), 2-ethyl-3,6-dimethypyrazine (no. 
16), 2-ethyl-3,5-dimethylpyrazine (no. 17), and phenylacetaldehyde (no. 30) by Baek and 
Cadwallader (1997).   Some unknown aroma-active compounds listed by Baek and Cadwallader 
(1997) in their paper (see Table 2.3) could be presumptively identified  based on comparison of 
their retention indices and odor properties to aroma compounds identified in the present study: 
e.g. unknown no. 8 (mushroom) in Table 2.3 is possibly 1-octen-3-ol (no. 11)  in Table 4.2), 
likewise unknown no. 13 (floral, honeysuckle) is possibly linalool (no. 25), no. 16 (minty) is 
possibly carvone (no. 33), no. 18 (cotton candy) is possibly cyclotene (no. 36) and no. 19 is 
possibly dihydromaltol (no. 37). 
Judžentiene and Būdienė studied the volatiles compounds obtained by hydrodistillation of 
air-dried chicory by GC-MS,  They analyzed the volatile compounds from aerial parts of chicory 
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(not the roasted root) and identified the following compounds reported in Tables 4.2 and 4.4 of 
the present study, such as 1-octen-3-ol (no. 60), 1,8-cineole (no. 8), (E,Z)-2,6-nonadienal (no. 
27), decanal (no. 20) and (E,E)-2,4-nonadienal (no. 32), (E,E)-2,4-decadienal (no. 34) and β-
ionone (no. 40).  
4.2.1 Aroma Extract Dilution Analysis 
The results of AEDA (Tables 4.2 and 4.3) indicated that, based on its overall highest 
flavor dilution (FD) factor of 729, sotolon (no. 49) was the most the potent odorant in roasted 
chicory.  Dihydromaltol (FDwax = 243; no. 37), HDMF (FDwax = 243; no. 44), guaiacol (FDwax = 
243; no. 38) and rotundone (FDwax = 243; no. 50) were indicated as additional potent odorants 
and ones that like contribute greatly to roasted chicory aroma.  Collectively compounds with 
caramel/sweet aroma notes (nos. 36, 37, 41, 44 and 49) and rotundone (no. 50) with its 
characteristic incense and spicy/peppery note may be of particular importance in the aroma of 
roasted chicory coffee.  
4.3 Quantitation of Selected Compounds 
All 46 compounds listed in Table 4.4 were quantitated for the first time in roasted 
chicory.  All were quantitated using the accurate and precise method of SIDA.  In SIDA, a 
deuterium or carbon-13 labeled isotopologue of the target analyte serves as the perfect internal 
standard, because the isotopologue and unlabeled (target) compound are nearly identical (i.e., 
chemicals and physical properties) with the exception of their mass spectra. Due to the similarity 
between a labeled isotopologue and target analyte, quantitative analyses performed by SIDA are 
highly accurate and precise. However, for some of the compounds in Table 4.4 a deuterium or 
13C-labeled isotopologue was not available.  In such cases, an internal standard compound with a 
similar structure was used.  For example, cyclotene (no. 36) and dihydromaltol (no. 37) were 
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quantitated using [2H3]-maltol (no. I-37) as internal standard, and 2,3-butanedione (no. 5) was 
quantitated against [2H2]-3-methybutanal (no. I-4) as internal standard. 
4.3.1 Odor-Activity Values (OAVs) 
OAVs were calculated based on the quantitation results (Table 4.4). Overall, rotundone 
had the highest OAV.  Other potent aroma compounds with relatively high OAVs in roasted 
chicory were 3-methylbutanal (no. 4), 2-methylpropanal (no. 2), (E)-β-damascenone (no. 35), 
dihydromaltol (no.37), and 1-octen-3-one (no. 11). 
4.4 Aroma Chemistry of Roasted Chicory 
4.4.1 Rotundone 
Based on the results of this study it is apparent that rotundone with its special aromatic/woody 
and peppery aroma note is responsible for much of the unique and distinctive flavor of chicory 
coffee.  The addition of rotundone alone into a regular coffee brew will cause the it smell like 
chicory coffee.  With its low odor detection threshold (8 ng/L in water), only a small amount of 
rotundone is required to make the chicory coffee be distinguishable from coffee. Although 
roasted chicory shares many of the same compound with coffee (Czerny, Mayer, & Grosch, 
1999; Semmelroch & Grosch, 1996), rotundone has never been reported in coffee.  Due to its 
unique peppery aroma we can state that this compound is a key and characterizing flavor 
component of roasted chicory.  The incense or sandalwood smelling compound rotundone (5-
isopropenyl-3,8-dimethyl-3,4,5,6,7,8-hexahydro-1(2H)-azulenone) was first reported in essential 
oil of Cyperus rotundus by Kapadia, Naik, Wadis, & Dev (1967).  Rotundone also has been 
identified in agarwood oil (Cyperus rotundus) and white peppercorns (Kapadia et al., 1967; 
Naef, 2011; Siebert, Wood, Elsey, & Pollnitz, 2008).  It is not usually mentioned as a food 
odorant, and only occasionally as a fragrance component.  As mentioned earlier, it is found in 
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Agarwood oil, a rare and expensive oil extracted from the heartwood of a mold infected tree and 
used in perfume formulations.  Most recently it was noted as a potent odorant in grapes (Siebert 
et al., 2008), and was also found in other products including white pepper, black pepper, wine, 
marjoram, nut grass, geranium, rosemary, saltbush, basil, thyme, and oregano.  Rotundone 
concentrations can range for 0.15 µg/kg to 2025 µg/kg (Wood et al., 2008).  It is found in highest 
concentration in white pepper (2025 µg/kg). 
The precursor of rotundone may be α-guaiene, which is a sesquiterpene hydrocarbon 
found in various plants.  Rotundone is generally believed to be formed by aerial oxidation of α-
guaiene (Huang, Burrett, Sefton, & Taylor, 2014).  The mode of formation of rotundone in 
treated plant products like dried herbs and spices may be the result of air interaction rather than 
rotundone being a product of enzymatically controlled processes or biosynthesis. Furthermore, 
this autoxidation sequence is enhanced at higher temperatures and may have significance when 
considering the amount of rotundone that may be formed during the cooking, heating, or drying 
of foodstuffs (Huang, Burrett, Sefton, & Taylor, 2014).  Interestingly, we did not detect 
rotundone in the raw, unroasted chicory product (S1) (data not shown); whereas, in roasted 
chicory it was detected as a potent odorant. So we can assume that rotundone was formed due to 
the roasting process. 
4.4.1.1 Threshold for Rotundone Coffee Matrix 
Wood et al. (2008) reported that the odor detection threshold of rotundone is 8 ng/L (pptr, 
parts-per-trillion) in water and 16 ng/L (pptr) in red wine.  In the present study the threshold of 
rotundone was determined in a coffee matrix using the American Society of Testing and 
Materials (ASTM) method E 679-04.  
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In coffee matrix, the overall group threshold was 2.27 µg/L (ppm) for 26 panelists. Using 
this threshold value the new calculated OAV based on the quantitative results in Table 4.4 would 
be 1.86.   For the group of panelists sensitive to rotundone, the threshold was 0.62 ppm (OAV = 
6.81).  For moderately sensitive panelists, the threshold was 2.67 (OAV = 1.58).  For insensitive 
panelists, the threshold of rotundone was 16.95 (OAV = 0.25).  Among the initial 30 panelists 
recruited for threshold determiantion, 4 appeared to be unresponsive or anosmia to the smell of 
rotundone.  Consequently, their results were omitted from the threshold calculations. In a 
previous study approximately 20% of an “experienced” sensory panelists could not detect this 
compound (Claudia Wood et al., 2008). What’s more, there is a belief that the ability to smell 
this compound is fleeting – that is some days people can detect it clearly and some days not at 
all. We can (jokingly) assume that this “naughty” compound has magical characteristic - that the 
perception of its odor may be linked to a specific part of brain that is affected by the mood of the 
individual and will affect the ability to detect that compound.  
Another interesting fact is that people who got the right answer for the low concentrations 
of the odorant did not necessarily get the correct answer for higher concentrations which should 
have been easier to distinguish.  Possibly, people are easily adapted to or suppressed by the odor 
of rotundone and this molecule may not be easily released from suppression.   
The average threshold result of 2.27 ppm in coffee matrix is about 1000 times higher than 
the threshold of 8 pptr in water.  There are at least two possible reasons why rotundone is harder 
to detect in coffee.  First, other compounds both matrix and other volatiles, and in the coffee may 
be active / reactive with rotundone (e.g. flavor binding).  Second, the strong aroma of Folgers 
coffee matrix may mask the odor of rotundone.   
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4.4.2 Caramel and Sweet Aromatic Compounds 
Caramel and sweet smelling odorants contributed greatly to the characteristic aroma of 
roasted chicory.  These are not as potent or important in normal coffee (Blank, Sen, & Grosch, 
1992; Semmelroch & Grosch, 1996). Within this group, the compounds cyclotene, maltol and 
dihydromaltol are formed via the Maillard reaction, and formation of  cyclotenolones is 
enhanced by lowering the water content (e.g. drying of the root prior to roasting) of a heated 
sample (Preininger et al., 2009).  Dihydromaltol was first reported as food flavor in barley malt 
by Fickert & Schieberle (1998), but before then it had been indicated as a volatile component of 
toasted oak (Cutzach et al., 1997).  Dihydromaltol is formed during thermal treatment (e.g 
roasting) by degradation of 2,3-dihydro-3,5-dihydroxy-6-methyl-4(H)-pyran-3-one, which is 
relatively stable degradation compounds of hexoses (Kim & Baltes, 1996).  
 Maltol and dihydromaltol are reported for the first time in roasted chicory and were 
successfully quantified.  Dihydromaltol has been previously reported some foods,  like dairy 
foods, wines, sweet pepper powder and others (Table 4.5). Dihydromaltol has caramel and sweet 
odor and has a much lower odor detection threshold than maltol, so it readily contributes a  
caramel, sweet odor when it is present as compared to maltol.   
Based on the AEDA results, sotolon is possibly the most potent odorant in roasted 
chicory.  It has an extremely low threshold and is difficult to quantitate at the concentrations in 
which it is normally found.  Sotolon may be fromed from α-ketobutyric acid (Thuy, Pham Thu; 
Elisabeth, Guichard; Pascal, Schlich; Claudine, 1995).  In general, the formation of sotolon 
increases as a result of an increase in temperature and a decrease in pH, as well as alcoholic 
content has some influence. 
4.4.3 Lipid-derived Compounds 
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Many volatiles were derived from lipid oxidation/degradation in roasted chicory.  The 
compounds 1-octen-3-ol, 1-octen-3-one and (Z)-1, 5-octadien-3-one have metallic and 
mushroom-like notes and might be undesirable in chicory, since these compounds are considered 
an off-flavor in some foods (Im, Sungim, Fumiyo Hayakawa, 2004; Whitfield, 1983).  Other 
lipid oxidation volatiles identified in this study include hexanal, octanal, nonanal, decanal, (E)-2-
nonenal and (Z)-2-noneal, (E,Z)-2,6-nonadienal, (E,E)-2,4-nonadienal and E,E)-2,4-decadienal.  
For example, (E)-2-nonenal and 1-octen-3-one can be formed from linoleic acid; (E)-2-decenal 
from oleic acid; and octanal from either oleic or linoleic acid. 
The compound trans-4,5-epoxy-(E)-2-decenal can be formed by thermal degradation of 
fatty acids (Gassenmeier & Schieberle, 1994).  Certain aldehydes can result in formation of new 
aroma compounds, such as (Z)-4-heptenal by retro-aldol degradation of (E,Z)-2,6-nonadienal 
and (E)-2-octenal by retro-aldol degradation of (E,E)-2,4-decadienal (Josephson,1987). 
4.4.4 Malty, Nutty and Floral Compounds 
The nutty and earthy smelling odorant, 2-ethyl-3,5-dimethylpyrazine, and other pyrazines 
identified in this study can be formed via the Maillard reaction (Amrani-Hemaimi, Cerny, & Fay, 
1995; Shibamoto & Bernhard, 1977), and has been reported to be predominant in various foods 
(Schnermann & Schieberle, 1997; Specht & Baltes, 1994).  
The Strecker degradation (part of the Maillard reaction) is responsible for the formation 
of a number of malty and floral smelling odorants, such as 2-methypropanal (from valine), 2- 
and 3-methylbutanal (from isoleucine and leucine, respectively), and phenylacetaldehyde (from  
phenylalanine). 2-Phenylethanol, phenylacetaldehyde (PA) and phenylacetic acid (PAA) are all 
derived from phenylalanine. Hofman & Münch (2000) reported that reaction parameters 
significantly influenced the ratio of the latter two odorants. At pH 3.0 the ratio of PA to PAA 
43 
 
was 3:1, whereas at pH 9.0 the ratio was 1: 5. The amino acid methionine via Strecker 
degradation can produce methional and dimethyl sulfide (Hofmann  & Münch 2000).  Therefore, 
the Strecker degradation of some amino acids during roasting of chicory may be important in 
formation of the typical aroma of roasted chicory.  
Carotenoids are precusors of norisoprenoids. Norisoprenoids could formed by direct 
degradation of carotenoid such as β-carotene and lutein which are precursors to (E)--
damascenone and β-ionone (Mendes-Pinto, 2009).  It is known that norisoprenoid and terpenoids 
have typical floral, fruity or sweet characteristics (Piggott, John, 2011).  
   4.4.5 Phenols and Guaiacols Derived from Lignin 
Some important aroma compounds can be derived from pyrolysis of lignin during heating. 
These compounds share many of the same functional groups and an aromatic structure including 
guaiacol, eugenol, isoeugenols, 4-vinylguaiacol and vanillin which may come from coniferyl alcohol. 
The decompose of sinapy alcohol can lead to formation of p-cresol and m-cresol.  
Ferulic acid is the precursor of coniferyl alcohol which provides one of the monomers for 
lignin biosynthesis. Vanillin may be formed from eugenol by biosynthesis, e.g. by 
biodegradation of ferulic acid via β-oxidative pathway, or by thermal degradation. Coniferyl 
aldehyde was reported to be an intermediate of eugenol synthesis (Plaggenborg, Rainer, Jörg 
Overhage, Andrea Loos, 2006; Priefert, H., Rabenhorst, J., Steinbüchel, 2001) 
4.4.6 Miscellaneous Compounds 
Some short chain volatile acids may form from glucose, including acetic acid, isobutyric 
acid is formed by biosynthesis carried by mircroorganis (Mosey, 1983). The terpenes linalool 
and carvone, which were most likely derived via biosynthesis in the chicory root, impart 
moderate fresh minty and flower odors the roasted chicory.
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4.5 Figures and Tables 
Table 4.1.  SPME-GCO comparison of roasted chicory brews prepared from five different commercial products 
No. a Compound 
RI b 
(Wax) 
Odor property c 
Relative odor intensity e 
S6 d S4 S3 S2 S5 
2 2-methylpropanal <900 chocolate, malty + + ++  +++ 
3/4 2-/3methylbutanal 919 chocolate, malty ++ +++ +++ ++ +++ 
5 2,3-butanedione 982 buttery, cream cheese ++ + + + ++ 
7 hexanal 1083 leaves, green, grass   ++ + ++ 
 unknown 1189 sour, earthy ++ ++ + ++  
8 1,8-cineol (eucalyptol) 1201 minty, eucalyptus +  ++ ++ ++ 
9 (Z)-4-heptenal 1248 dried fish +++ +++ ++ +++ +++ 
11 1-octen-3-one 1302 mushroom +++ +++ +++ +++ +++ 
14 dimethyl trisulfide 1378 cabbage, green + +++ +++ +++ + 
15 nonanal 1398 soapy, pungent +  +  +++ 
 unknown 1408 mushroom, green +++  + ++ ++ 
 unknown 1533 
vitamin powder (oil, 
cucumber) 
+++ +++ + ++ +++ 
 unknown 1439 meaty +++  +++ + +++ 
17 acetic acid 1450 vinegar + + +++ ++ +++ 
 methional 1453 potato fries +++ + ++ +  
18 
2-ethyl-3,5-
dimethylpyrazine 
1465 earthy + ++ + + ++ 
23 (E)-2-nonenal 1533 
cucumber, 
unripen,vitamin 
++ +++ +++ +++ +++ 
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Table 4.1. (cont.)        
25 linalool 1553 floral, lavender +++  +++ +  
27 (E,Z)-2,6-nonadienal 1585 cucumber ++ + +++ +++ +++ 
28 2-acetylpyrazine 1601 rice, popcorn +   + + 
29 butyric acid 1630 cheesy ++  ++ ++ + 
30 phenylacetaldehyde 1643 green, rosy  + ++ ++ ++ 
31 3-methylbutanoic acid 1669 cheesy, sweaty + ++ + + + 
36 cyclotene 1840 maple, sweet  + + + + 
37 dihydromaltol 1860 caramel +++ ++ ++ +++ + 
 unknown 1826 bitter, old, musty  ++ ++ + ++ 
41 maltol 1945 caramel +++ + +++ ++ ++ 
43 
trans-4,5-epoxy-(E)-2-
decenal 
2002 metallic, unripe +++ + + +++ ++ 
42 eugenol 2015 spicy, cloves ++ + ++ + ++ 
45 p-cresol 2072 animal stable, fecal ++ +++ ++ ++ ++ 
 unknown 2122 seasoning ++  +  ++ 
49 sotolon 2162 seasoning, spicy ++ ++ + +++ ++ 
 unknown 2175 woody, smoke + +++ + +++ ++ 
50 rotundone 2266 woody, aromatic +++ +++ +++ +++ +++ 
56 vanillin 2560 vanillin  ++ + ++ ++ ++ 
 a Numbers correspond to those in Tables 3.2, 4.2, 4.3 and 4.4.  b Retention index.  c Odor quality determined by GCO.  d Product code 
(see Table 3.1). e Post peak odor intensity: + = weak, ++ = medium, and +++ = strong. 
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Table 4.2. Predominant neutral and basic odorants in roasted chicory brew determined by aroma extract dilution analysis. 
No.a Compound 
RI b 
Odor property c Fraction d 
FD factor e 
RTX-Wax RTX-5 Wax RTX-5 
3/4 2-/3-methylbutanal f 919 <800 chocolate, malty N 3  
5 2,3-butanedione  f 992 <600 buttery, cream cheese N <3 <3 
6 2,3-pentanedione f 1071 - - g buttery N <3 - - 
7 hexanal f 1088 800 green, fruit N 27 3 
8 1,8-cineol (eucalyptol) 1207 - - minty, eucalyptus oil N <3 - - 
9 (Z)-4-heptenal h 1251 873 dry fish N 3 <3 
10 octanal f 1295 1004 citrusy, orange N 3 <3 
11 1-octen-3-one f 1302 981 mushroom N 9 27 
12 2-acetyl-1-pyrroline g 1347 925 popcorn B 3 <3 
13 (Z)-1,5-octadien-3-one g 1370 986 earthy, metallic N 27 3 
14 dimethyltrisulfide f 1390 969 sulfurous, cabbage N 3 3 
15 nonanal f 1398 1099 orange peel N 3 <3 
16 3-ethyl-2,5-dimethylpyrazine f 1431 1077 earthy, nutty B 27 9 
18 2-ethyl-3,5-dimethylpyrazine f 1453 1086 earthy, nutty B 81 81 
19 2,3-diethyl-5-methylpyrazine g 1493 1160 nutty B <3 <3 
20 decanalg 1495 1205 lemony, soapy N <3 <3 
21 (Z)-2-nonenal f 1510 1143 green, hay N <3 <3 
23 (E)-2-nonenal f 1549 1164 hay N 9 3 
24 unknown 1539 1078 vitamin capsule N 9 3 
25 linalool g 1558 1107 floral, lavender N 27 27 
27 (E,Z)-2,6-nonadienal g 1593 1154 cucumber N 3 3 
28 2-acetylpyridine h 1610 1020 rice, popcorn N 3 3 
30 phenylacetaldehyde f 1652 1044 green, rose N 9 3 
32 (E,E)-2,4-nonadienal f 1698 1214 fatty, fried N 27 9 
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Table 4.2. (cont.)       
33 carvone h 1745 1252 minty N <3 <3 
34 (E,E)-2,4-decadienal f 1815 1316 fatty, fried N 3 3 
35 (E)-β-damascenone f 1828 1384 floral, applesauce N 3 <3 
38 2-methoxyphenol (guaiacol) f 1883 1093 smoky N 243 81 
39 2-phenylethanol f 1915 1114 rose, wine-like N 3 <3 
40 β-ionone f 1955 1493 floral, lavender N 3 <3 
42 eugenol f 2005 1321 spicy, cloves N 9 9 
43 trans-4,5-epoxy-(E)-2-decenal h 2016 1384 unripe, green, metallic N 81 9 
47 ethyl (E)-cinnamate f 2139 1469 fruity, spicy N 9 3 
48 4-vinylguaiacol f 2219 1313 spicy, smoky, cloves N 27 9 
50 rotundone f 2279 1707 incense, peppery N 243 81 
51 unknown 2305 - - woody, aromatic N <3 - - 
53 (E)-isoeugneol f 2390 1456 spicy, cloves N 3 <3 
54 indole f 2450 1290 fecal, mothballs N <3 <3 
55 3-methylindole (skatole) f 2496 1389 fecal, mothballs N <3 <3 
a Numbers correspond to those in Tables 3.2, 4.1, 4.3 and 4.4.  b Retention index.  c Odor quality determined by GCO. d Fraction in 
which odorant was detected, neutral (N) and basic (B).  e Flavor dilution (FD)-factor.  f  Positively identified compound.  g Not detected. 
h Tentatively identified compound. 
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Table 4.3. Predominant acidic odorants in roasted chicory brew determined by aroma extract dilution analysis 
No.a Compound 
RI b  
Odor property c FD factor d 
RTX-Wax RTX-5  
17 acetic acid e 1451 N.A. f  vinegar 3 
22 propionic acid e 1532 N.A.  Swiss cheese <3 
26 2-methylpropanoic acid e 1588 N.A.  cheesy, sweaty 3 
29 butyric acid e 1625 N.A.  cheesy, fecal 3 
31 3-methylbutyric acid e 1664 N.A.  Swiss cheese, sweaty 27 
36 3-methyl-1,2-cyclopentanedione (cyclotene) e 1848 1026  caramel, maple syrup 3 
37 
2,3-dihydro-5-hydroxy-6-methyl-4H-pyran-4-one 
(dihydromaltol) e 
1862 1104 
 
caramel, burnt sugar 243 
41 3-hydroxy-2-methyl-4-pyrone (maltol) e 1955 1104  caramel, burnt sugar 81 
44 4-hydroxy-2,5-dimethyl-3(2H)-furanone (HDMF) e 2047 1056  caramel, burnt sugar 243 
45 p-cresol e 2077 1079  animal  stable, bandage 27  
46 m-cresol e 2095 - - g  phenolic, medical <3  
49 3-hydroxy-4,5-dimethylfuran-2(5H)-one (sotolon) h 2219 1120  spicy, curry 729 
52 unknown 2373 - -  roasted sweet potato <3 
56 vanillin e 2560 1412  vanilla 81 
57 phenylacetic acid e 2574 ND  rosy, honey <3 
a Numbers correspond to those in Tables 3.2, 4.1, 4.2 and 4.4.  b Retention index.  c Odor quality determined by GCO. d Flavor 
dilution (FD)-factor determined on an RTX-Wax column.  e Positively identified compound. f Not available, unable to accurately 
determine RI due to poor peak shape.  g Not detected. h Tentatively identified compound. 
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Table 4.4.  Concentrations and odor-activity values (OAVs) for selected odorants in roasted chicory brew 
no.a compound 
 Quantitation b  
odor threshold c OAV d 
 Cncn (µg/L) SD %CV  
49 rotundone  4.22 0.15 3.5  0.008 Wood et al., 2008 528 
4 3-methylbutanal  26.2 0.64 2.4  0.2  Buttery et al., 1999 131 
2 2-methylpropanal  93.2 1.3 1.4  1 
Guadagni, Buttery & 
Turnbaugh, 1972 
93.2 
35 (E)--damascenone  0.157 0.0017 1.1  0.002 Buttery et al., 1990 78.5 
37 dihydromaltol  14900 220 1.4  250 Preininger et al., 2009 59.6 
11 1-octen-3-one  2.87 0.052 1.8  0.05 Buttery et al., 1999 57.4 
18 2-ethyl-3,5-dimethylpyrazine  1.39 0.088 4.1  0.04 Buttery et al., 1999 34.8 
3 2-methylbutanal  91.1 2.0 2.2  3 Buttery et al., 1999 30.4 
6 2,3-pentanedione  380 13 3.3  20 Buttery et al., 1999 19.0 
26 2-methylpropanoic acid  777 18 2.3  50 Buttery & Ling, 1998 15.5 
38 2-methoxyphenol (guaiacol)  46.0 0.29 0.64  3 Buttery et al., 1999 15.3 
10 octanal  10.3 0.21 2.1  0.7 Buttery et al., 1999 14.7 
19 2,3-diethyl-5-methylpyrazine  1.30 0.054 6.3  0.09 
Rychlik, Schieberle & 
Grosch, 1998 
14.4 
29 butanoic acid  240 0.74 0.31  17 
Buttery, Turnbaugh & 
Ling, 1988 
14.1 
15 nonanal  13.9 0.097 0.70  1 Buttery et al., 1999 13.9 
30 phenylacetaldehyde  48.1 0.70 1.5  4 Buttery et al., 1999 12.0 
1 dimethyl sulfide  3.47 0.066 1.9  0.3 Buttery et al., 1990 11.6 
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Table 4.4. (cont.)         
34 (E,E)-2,4-decadienal  0.782 0.0061 0.78  0.07 Buttery et al., 1999 11.2 
42 eugenol  57.7 1.3 2.3  6 Buttery et al., 1990 9.62 
40 -ionone  0.0434 0.0017 3.9  0.007 Buttery et al., 1990 6.20 
31 3-methylbutanoic acid  1350 9.7 0.72  250 Buttery et al., 1999 5.40 
20 decanal  6.63 0.21 3.2  2 
Buttery, Turnbaugh & 
Ling, 1988 
3.32 
5 2,3-butanedione  9.15 0.047 0.51  3 
Buttery, Turnbaugh & 
Ling, 1988 
3.05 
22 propionic acid  4680 82 1.7  2000 Buttery et al., 1999 2.34 
60 1-octen-3-ol  2.26 0.0021 0.094  1 Buttery et al., 1999 2.26 
56 vanillin  130 0.36 0.28  58 Buttery et al., 1999 2.24 
59 (E)-2-octenal  6.68 0.18 2.6  3 Buttery et al., 1999 2.23 
36 cyclotene  605 59 9.7  300 Fazzalari, 1978 2.02 
7 hexanal  5.13 0.088 1.8  4.5 Buttery et al., 1999 1.14 
16 3-ethyl-2,5-dimethylpyrazine  6.63 0.085 1.3  8.6 Buttery et al., 1999 0.771 
47 ethyl (E)-cinnamate  0.299 0.0039 1.3  1 e Guth, 1997 0.299 
45 p-cresol  15.5 0.032 0.20  55 
Buttery, Turnbaugh & 
Ling, 1988 
0.282 
17 acetic acid  12800 15 0.12  50000 
Rychlik, Schieberle & 
Grosch, 1998 
0.256 
58 trimethylpyrzine  3.94 0.16 4.0  23 Buttery et al., 1999 0.171 
41 maltol  5480 140 2.5  35000 
Pittet, Rittersbacher & 
Muralidhara, 1970 
 
0.157 
55 3-methylindole (skatole)  0.451 0.0026 0.58  3 
Moss, Hawa & Walker, 
1993 
0.150 
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a Number corresponded to those in Tables 3.2, 4.1, 4.2 and 4.3. b Average concentration, standard deviation and percent coefficient of 
variation based on results of three replicates  c Odor detection thresholds in water (µg/L) and literature source. d Odor-activity value, 
determined by dividing the concentration of an odorant by its respective odor detection threshold.  e Odor detection threshold in 10% 
w/w ethanol.  f Odor detection threshold in air.   
 
 
 
 
 
 
 
 
 
 
 
Table 4.4. (cont.)        
 
 
57 phenylacetic acid  1260 26 0.58  10000 
Rychlik, Schieberle & 
Grosch, 1998 
0.126 
65 nonanoic acid  286 4.0 1.4  3000 
Buttery, Turnbaugh & 
Ling, 1988 
0.0953 
46 m-cresol  10.7 5 2.9  680 Fazzalari, 1978 0.0157 
63 heptanoic acid  14.8 0.16 1.0  3000 Fazzalari, 1978 0.00493 
62 hexanoic acid  19.4 0.88 4.5  3000 Buttery et al., 1999 0.00647 
54 indole  0.836 0.021 2.5  90 
Moss, Hawa & Walker, 
1993 
0.00929 
64 octanoic acid  3.78 0.025 0.65  3000 
Buttery, Turnbaugh & 
Ling, 1988 
0.00126 
66 decanoic acid  0.102 0.00026 0.26  10000 
Buttery, Turnbaugh & 
Ling, 1988 
0.0000102 
61 (Z)-isoeugenol  15.4 0.60 3.9  0.4-0.6 f 
Lorjaroenphon and 
Cadwallader, 2015 
- - 
53 (E)-isoeugenol  45.1 0.41 0.91  0.1-0.2 f 
Lorjaroenphon and 
Cadwallader, 2015 
- - 
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Table 4.5.  Food products contained dihydromaltol and references  
Food Literature 
First identified in thermally treated Maillard model systems  (Mills, 1972);  (Mevissen, L., & Baltes, 1983) 
Alfalfa and soybean  (Massiot, Lavaud, Benkhaled, & Le Men-Olivier, 1992) 
Toasted oak (used in barrels for aging wine)  (Cutzach, Chatonnet, Henry, & Dubourdieu, 1997) 
Barley malt (first report of DHM in food flavor) (Fickert & Schieberle, 1998) 
Changes in DHM content in wine (Isabelle Cutzach, Chatonnet, & Dubourdieu, 1999) 
Sweet bell pepper powder (Zimmermann & Schieberle, 2000) 
Dairy food (Kefir , UHT milk, evaporated whole milk, cooked 
cultured milk, fresh pasteurized cream) 
(Preininger et al., 2009) 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 
 
Chicory coffee is traditional beverage which has been consumed for over 200 hundred 
years.  However, the flavor chemistry of chicory is not well understood until now.  In the present 
study 55 odor-active compounds were detected in roasted chicory by gas chromatography-
olfactometry (GC-O).  Among these, 28 were positively identified.  A total of 46 selected 
odorants were quantitated by stable isotope dilution analysis (SIDA).  Flavor dilution (FD) 
factors from aroma extract dilution analysis (AEDA) and odor-activity values (OAVs) calculated 
from quantitative data  revealed that 3-hydroxy-4,5-dimethylfuran-2(5H)-one (sotolon) (spicy, 
curry; FD = 729), rotundone (incense, peppery; FD = 243; OAV= 528), 3-methlbutanal 
(chocolate, malty; FD = 3; OAV = 131), dihydromaltol (caramel, burnt sugar; FD = 243; OAV = 
59.6), 1-octen-3-one (mushroom; FD = 27; OAV= 57.4), 2-ethyl-3,5-dimethylpyrazine (earthy, 
nutty; FD = 81; OAV = 34.8), 4-hydroxy-2,5-dimethyl-3(2H)-furanone (caramel, burnt sugar; 
FD = 243), maltol (caramel, burnt sugar; FD = 81; OAV = 0.157) and (E,E)-2,4-decadienal 
(fatty, fried; FD = 3; OAV = 11.2) are predominant odorants in roasted chicory flavor.  
The study is first to provide accurate concentrations for volatile compounds in roasted 
chicory. The combined synthesis method of labeled 13C2-2,3-butanedione and 
13C2-2,3-
pentanedione is reported for the first time. Additionally, we report rutondone as the characteristic 
“incense, peppery” compound contributing to the unique flavor of roasted chicory differentiates 
it from regular coffee. Also, we point out the caramel and sweet aroma compounds which enrich 
the chicory coffee flavor are dihydromal, maltol, 3-methyl-1,2-cyclopentanedione (cyclotene), 4-
hydroxy-2,5-dimethyl-3(2H)-furanone (HDMF) and sotolon. These caramel, sweet compounds 
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also contribute the special appeal to chicory coffee lovers. When people are served with chicory 
coffee, it apparently has more sweet and spicy/peppery notes.  
Maillard reaction plays an important role in forming the chicory flavor as well as Strecker 
degradation. The Maillard reaction gives rise to many caramel and sweet smelling compounds 
and many important Strecker aldehyde are formed from amino acid or glucose or fructose. Lipid 
oxidation is another significant pathway to produce flavor compounds which are derived from 
fatty acids. Most importantly, the chicory flavors are mainly formed due to roasting process since 
rotundone and other compounds are formed by heating treatment. 
Sensory study of determining the rotundone threshold in coffee matrix is reported to give 
a better understanding of rotundone’s role in chicory coffee.  The threshold of rotundone in 
coffee matrix is 2.27 ppm, which is nearly 1000 times higher than the reported odor detection 
threshold of rotundone in water. 
This study is the first to report a comprehensive listing of the predominant odorants in 
roasted chicory brew, and is the first to indicate the existence of an odorant with distinctive 
“aromatic woody and chicory-like” note, rotundone. Results of this study will help prompt 
additional work to identify rotundone, while also providing manufacturers with much needed 
information about the flavor chemistry of roasted chicory. 
Future study should be undertaken to confirm the similarity of coffee rotundone mix with 
real chicory by R index or other suitable sensory methods. And the chicory flavor synthetic 
model could be made based on the quantitation results. This time, due to limited time and only 
one sample has been analyzed. So other samples could be evaluated to compare differences and 
similarity between samples. And different roasting methods or storage time could be done to 
monitor if any flavor changes occur.  
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Appendix A. Response factor determination for selected compounds. Isotope calibration 
curve 
 
Appendix A1. Response factor for phenylacetaldehyde vs 13C2- phenylacetaldehyde 
 
 
Stock solution Concentration 
phenylacetaldehyde 
 
0.223 mg/ml 
13C2- 
phenylacetaldehyde 
 
1.15 mg/ml 
 
 
Volume 
ratio 
Mass PA  
(µg) 
Mass 
13C2 PA 
(µg) 
Mass 
ratio 
Area 
ratio 
(120/122) 
0.1 11.15 575 0.01932 0.025344 
0.2 11.15 287.5 0.03864 0.042372 
1 11.15 57.5 0.1932 0.193241 
5 55.75 57.5 0.966 0.976206 
10 111.5 57.5 1.932 2.037361 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Response factor (Rf)=1/slope=1/1.0495=0.9528 
  
y = 1.0495x - 0.0061
R² = 0.9995
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Appendix A2. Response factor for 2,3- pentanedione vs 13C2-2,3-pentanedione 
  
Stock solution Concentration 
2, 3-pentanedione  0.306 mg/ml 
13C2-2,3-
pentanedione  
0.346 mg/ml 
 
 
Volume 
ratio 
Mass 2,3-
pentadedione 
(ug) 
Mass 
13C2-2,3-
pentanedione  
(ug) 
Mass 
ratio 
Area ratio 
(100/102) 
0.1 15.3 173 0.088439 0.080687 
0.2 15.3 86.5 0.176878 0.130203 
1 15.3 17.3 0.88439 0.884438 
5 76.5 17.3 4.42195 4.343403 
10 153 17.3 8.8439 9.689839 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Response factor (Rf)=1/slope =1/1.0889=0.9184 
 
 
 
 
  
y = 1.0889x - 0.1137
R² = 0.9975
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Appendix A3. Response factor for maltol vs d3-maltol (SPME & Buffer) 
 
Stock solution Concentration 
maltol  1.57 mg/ml 
d3-maltol  1.31 mg/ml 
 
Volume 
ratio 
Mass 
maltol  
(ug) 
Mass 
d3-maltol 
(ug) 
Mass 
ratio 
Area 
ratio 
(126/129) 
0.1 3.14   26.2 0.119847 0.192407 
0.2 3.14 13.1 0.239694 0.343663 
1 3.14 2.61 1.19847 1.127037 
5 15.7 2.62 5.99235 6.34118 
10 31.4 2.62 11.9847 12.1414 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Response factor (Rf)= 1/1.0146=0.9856 
 
 
 
 
 
  
y = 1.0146x + 0.065
R² = 0.9993
0
2
4
6
8
10
12
14
0 2 4 6 8 10 12 14
A
re
a 
ra
ti
o
Mass ratio (U/L)
maltol vs d3-maltol
68 
 
 
Appendix A4. Response factor for cyclotene vs d3-maltol (SPME & buffer) 
 
 
Stock solution Concentration 
cyclotene 1.99 mg/ml 
d3-maltol 1.31 mg/ml 
 
 
Volume 
ratio 
Mass 
cyclotene 
(ug) 
Mass 
d3-maltol 
(ug) 
Mass 
ratio 
Area 
ratio(112/129) 
0.1 1.99 13.1 0.151908 0.316832 
0.2 3.98 13.1 0.303817 1.098211 
0.4 3.98 6.55 0.607634 1.822395 
1 3.98 2.62 1.519084 3.351978 
2.5 9.95 2.62 3.79771 5.930519 
5 19.9 2.62 7.59542 8.906043 
10 19.9 1.31 15.19084 15.30251 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Response factor (Rf)=1/0.9567=1.0453 
  
y = 0.9567x + 1.2606
R² = 0.981
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Appendix A5. Response factor for dihydromaltol vs d3-maltol (SPME & buffer) 
 
 
Stock solution Concentration 
dihydromaltol 1.15 mg/ml 
d3-maltol  1.31 mg/ml 
 
 
Volum
e ratio 
Mass 
dihydromalto
l (ug) 
Mass d3-
maltol (ug) 
mass ratio Area ratio 
(128/129) 
0.1 1.15 13.1 0.087786 0.092845 
0.2 2.3 13.1 0.175573 0.479052 
0.4 2.3 6.55 0.351145 0.645283 
1 2.3 2.3 0.877863 0.845829 
2.5 5.75 2.62 2.194656 1.455818 
5 11.5 2.62 4.389313 3.332153 
10 11.5 1.31 8.778626 6.641449 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Response factor (Rf)=1/0.7268=1.3789 
 
  
y = 0.7268x + 0.1774
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Appendix A5. Response factor for 1-octen-3-ol vs d2-1-octen-3-ol 
 
 
Stock solution Concentration 
1-octen-3-ol 0.19 mg/ml 
d2-1-octen-3-ol 1.4 mg/ml 
 
 
Volume 
ratio 
Mass 1-
octen-3-ol 
(ug) 
Mass 
d2-1-octen-
3-ol (ug) 
Mass 
ratio 
Area 
ratio 
(57/60) 
0.1 9.5 700 0.013571 0.287741 
0.2 9.5 350 0.027143 0.320155 
1 9.5 70 0.135714 0.456256 
5 47.5 70 0.67857 1.05032 
10 95 70 1.35714 2.136961 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Response factor (Rf)=1/1.3452=0.74338 
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Appendix A6. Response factor for 1-octen-3-one vs d2-1-octen-3-one 
 
 
Stock solution Concentration 
1-octen-3-one 0.105mg/ml 
d2-1-octen-3-one 0.47 mg/ml 
 
 
Volume 
ratio 
Mass 1-
octen-3-
one (ug) 
Mass 
d2-1-
octen-3-
one (ug) 
Mass 
ratio 
Area 
ratio 
(70/73) 
0.1 5.25 235 0.02234 0.085314 
0.2 5.25 117.5 0.044681 0.146159 
1 5.25 23.5 0.223404 0.470493 
5 26.25 23.5 1.117021 1.101156 
10 52.5 23.5 2.234043 2.09779 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Response factor (Rf)=1/0.8764=1.1410 
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Appendix A7. Response factor for (E, E)-2,4-decadienal vs d2-(E,E)-2, 4-decadienal 
 
 
Stock solution Concentration 
(E,E)-2, 4-decadienal 0.215 mg/ml 
d2-(E,E)-2,4-decadienal 2.73 mg/ml 
 
 
Volume 
ratio 
Mass 
(E,E)-2,4-
decadienal 
(ug) 
Mass d2-
(E,E)-2,4-
decadienal 
(ug) 
Mass 
ratio 
Area 
ratio 
(152/154) 
0.1 10.75 1365 0.007875 0.047678 
0.2 10.75 682.5 0.01575 0.091059 
1 10.75 136.5 0.07875 0.232778 
5 53.75 136.5 0.39375 0.545409 
10 107.5 136.5 0.7875 1.036703 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Response factor (Rf)=1/1.2158=0.8225 
 
 
 
  
y = 1.2158x + 0.0786
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Appendix A8. Response factor for m-cresol vs d3-p-cresol 
 
 
Stock solution Concentration 
m-cresol 0.173 mg/ml 
d3-p-cresol 1.09 mg/ml 
 
 
 
Volume 
ratio 
Mass m-
cresol 
(ug) 
Mass 
d3-p-cresol 
(ug) 
Mass 
ratio 
Area 
ratio 
(108/111) 
0.1 8.65 545 0.015872 0.009817 
0.2 8.65 272.5 0.031743 0.024502 
1 8.65 54.5 0.158716 0.124349 
5 43.25 54.5 0.793578 0.697382 
10 86.5 54.5 1.587156 1.424218 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Response factor (Rf)=1/0.9009=1.11 
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Appendix A9. Response factor for (E)-2-octenal vs d2-(E)-2-octenal 
 
 
Stock solution Concentration 
(E)-2-octenal 0.111 mg/ml 
d2-(E)-2-octenal 1.96 mg/ml 
 
 
Volume 
ratio 
Mass 
(E)-2-
octenal 
(ug) 
Mass 
d2-(E)-2-
octenal 
(ug) 
Mass 
ratio 
Area 
ratio 
(97/99) 
0.1 5.55 980 0.005663 0.007662 
0.2 5.55 490 0.011327 0.010696 
1 5.55 98 0.056633 0.06653 
5 27.75 98 0.283163 0.26303 
10 55.5 98 0.566327 0.651063 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Response factor (Rf)=1/1.1234=0.8902 
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Appendix A10. Response factor for indole vs d4-indole 
 
 
Stock solution Concentration 
indole 0.179 mg/ml 
d4-indole 1.06 mg/ml 
 
 
 
Volume 
ratio 
Mass 
indole 
(ug) 
Mass 
d4-indole 
(ug) 
Mass 
ratio 
Area 
ratio 
(117/121) 
0.1 8.95 530 0.016887 0.073946 
0.2 8.95 265 0.033774 0.099808 
1 8.95 53 0.168868 0.375641 
5 44.75 53 0.84434 1.897938 
10 89.5 53 1.68868 3.765701 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Response factor (Rf)=1/2.2169=0.4511 
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Appendix A11. Response factor for Rotundone vs d4-rotundone 
 
 
Stock solution Concentration 
rotundone 23.45 ppm 
d4-rotundone 37.6 ppm 
 
 
 
Volume 
ratio 
Mass 
ratio 
Area 
R(218) 
Area DR 
(206) 
Area ratio 
0.1 0.062 75761 275248 0.275246 
0.2 0.125 91389 290712 0.314363 
0.5 0.312 133451 235039 0.567782 
1 0.624 353798 278723 1.269353 
2 1.247 237689 128600 1.848281 
5 3.118 216650 64455 3.36126 
10 6.237 202285 30669 6.595748 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Response factor (Rf)=1/1.0021=0.9979  
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Appendix C. Original data of threshold testing for rotundone from panelists 
panelist 
     JudgmentsA     
     concentrations of rotundone presented,      
 
0.59 1.17 2.93 5.86 11.73 29.31 58.63 175.89 527.63 1582.9 4748.6 Value 
Log10 of 
value 
1  0 + + + + + + + + + + 0.83 -0.08092 
2  0 0 0 0 + + + + + + + 8.29 0.918555 
3  0 0 0 0 + + + + 0 0 + 8.29 0.918555 
4  0 0 + + 0 0 0 + 0 0 0 1.85 0.267172 
5  0 + + + + + + + + + + 0.83 -0.08092 
6  0 0 0 0 + + + + + + + 8.29 0.918555 
7  + 0 + + 0 + 0 0 0 + + 1.85 0.267172 
8  + + + + + + + 0 + + + 0.34 -0.46852 
9  0 + + + + + + 0 + + + 0.83 -0.08092 
10  0 + + 0 + + + 0 0 0 + 0.83 -0.08092 
11  + + + 0 0 + + 0 0 + + 0.34 -0.46852 
12  0 0 0 + + + + + 0 + 0 4.14 0.617 
13  0 0 0 + + + + + + + + 4.14 0.617 
14  0 0 + + 0 0 + + 0 0 0 1.85 0.267172 
15  + + 0 0 + + + + + + + 8.29 0.918555 
16  0 0 + + + + 0 + + + + 1.85 0.267172 
17  0 0 0 + + + 0 + + + 0 4.14 0.617 
18  0 0 0 + + 0 0 + 0 + + 4.14 0.617 
19  0 0 + + + 0 + + + + + 1.85 0.267172 
20  0 0 + + 0 + + + + + + 1.85 0.267172 
21  0 0 0 0 + + + + + + + 8.29 0.918555 
               7.403075 
              2.27 0.352527 
                           0.448619 
A"0" indicates that panelist selected the wrong sample of the set of the three. "+" indicatesthat panelist selected the correct 
